OBJECTIVE: A global epidemic of obesity is developing, but its causes are still unclear. In Denmark, two periods of steep increases in prevalence of obesity have occurred among young men born in the 1940s and 1960 ± 70s. This study investigated the preceding changes in prevalence of obesity and in the entire body mass index (BMI weightaheight 2 ) distribution by birth cohort, calendar time and age among Danish school boys. METHODS: Children attending Copenhagen schools 1937 ± 1983 had annual health examinations, from which we computerized 1 037 468 measurements of height (m) and weight (kg) of 161 314 boys aged 7 ± 13 y. Obesity was de®ned as age-speci®c BMI exceeding the 95.0, the 99.0 and the 99.9 percentile among those born 1930 ± 1934, the latter corresponding to the prevalence of obesity among the young men in these cohorts. The median, standard deviation, skewness, and the 5th, 25th, 75th and 95th percentiles of the age-speci®c BMI were estimated for each birth cohort. RESULTS: The prevalence of obesity, de®ned by the 99.9 percentile, increased at all ages during the same birth years as among the young men, and, accordingly, at earlier calendar years. The prevalence of obesity, de®ned by the 95.0 percentile, showed a distinctly different pattern: a sharp increase, irrespective of age, during the calendar years 1947 ± 1949, and thereafter a stable level until the 1970s, where a further modest increase began. The prevalence de®ned by the 99.0 percentile showed a mixture of the trends in those de®ned by the 99.9 and 95.0 percentiles. The median BMI showed small¯uctuations, parallel at all ages. The standard deviation and right-sided skewness increased until birth year 1950, but were almost stable thereafter. The pattern of changes in the quartiles mostly re¯ected those in the median. CONCLUSIONS: The prevalence of obesity de®ned by the 99.9 or 99.0 percentile has increased in Danish boys born in the 1940s and since the mid 1960s, without corresponding changes in the central part of the BMI distribution. When de®ning obesity by the 95.0 percentile, there was a sharp distinct age-independent increase in the late 1940s. The development of the obesity epidemic is a heterogeneous phenomenon that has involved changes in environmental in¯uences starting at preschool ages and affecting different subsets of the population, either because of selective exposure or particular susceptibility.
Introduction
During the last decades, the prevalence of obesity in childhood has increased considerably along with the increase in adults in many countries. 1 ± 5 The increasing prevalence is assumed to be due to increasing incidence of obesity rather than to increasing persistence of obesity when developed. It is still unclear what has caused this epidemic. Changes in lifestyle, such as increasing food intake, especially fat intake, and decreasing physical activity are suspected causes. 1 ± 5 Other causes may be involved, too, for example particular nutritional conditions during preor early postnatal life, possibly resulting in programming of the susceptibility to later environmental exposures. 6 Detailed secular trend studies of the development of the obesity epidemic may delineate the time frames and population basis of the action of the causes, and hence help in identifying the causes. Therefore, the changes of the entire body mass index (BMI weightaheight 2 ) distribution by age intervals, birth cohorts or calendar time may reveal at which ages and at which time the changes began, how the changes developed, and to what extent they involved the entire population.
Previous studies of Danish young men, examined as draftees at around age 19 years, have shown a fairly stable low prevalence of obesity (de®ned as BMI 31 kgam 2 ) from around birth year 1930 through 1941, whereafter a sudden steep increase in prevalence occurred without corresponding changes in the central part of the BMI distribution. 7 ± 10 Later studies showed that the prevalence, after a stable period in birth years of the 1950s, again rose steeply in the birth cohorts of the 1960s to 1975, and this second increase was accompanied by a slightly increasing median BMI. 11 We investigated the secular changes in the prevalence of obesity and the BMI distribution, possibly preceding the observed increase in prevalence of obesity among the young men, in a population of boys born 1930 through 1975 and examined at the ages 7 ± 13 y.
Population and measurements
The study population was de®ned by the ®led handwritten records from the school health services of the Copenhagen Municipality. In all schools in the municipality, all pupils born 1930 and later have had health examinations, including measurements of height (without shoes) and weight (naked or in underwear only). Annual examinations were performed until July 1983, whereafter measurements were carried out only at the ®rst examination. Weight was recorded to the nearest 100 g, height was recorded to the nearest mm, and date of examination was recorded as day, month and year.
All the school health records for pupils who have left school have been sorted by gender and date of birth and stored in one archive. For the study purposes, we have computerized the information on date of birth, date of examinations (as month and year), measurements of height (truncated to the nearest cm), and of weight as recorded. The computerization encompassed records on all boys, in total 166 593, born between 1930 and 1975, inclusive.
The analysis was restricted to measurements at ages at which all children from all birth cohorts received compulsory education, that is measurements carried out before July 1983 between August in the year of the 7th birthday and July in the year of the 14th birthday. The data were scrutinized for extreme outliers of both single measurements and individual differences between successive measurements, which led to exclusion of 149 measurements. Within these limits, 161 314 boys with a total of 1 037 468 measurements, on the average 6.4 per boy, were available for analysis (Table 1) . The time interval between measurements varied with a median of 1.00 year, 5th percentile at 0.42 year, and 95th percentile at 1.50 year.
We based the analysis on computation of the BMI from the measured weight and height, which has been generally recommended, 12 ± 14 while accepting that this index re¯ects both fat and fat-free mass and may be somewhat biased by height. 15, 16 However, BMI values in the right extreme of the distribution are likely to correspond to obesity. 12 ± 14 The secular trends in prevalence of obesity in childhood were investigated on the basis of three different de®nitions, corresponding to different degrees of obesity. One de®nition that made the prevalence in childhood and among the young men of the earlier investigations similar during the ®rst ®ve years of the study period, that is birth cohorts 1930 ± 1934, in which period the prevalence of obesity (in those studies de®ned as BMI 31 kgam 2 was about 0.1%. 8, 9 Thus, the cut-off levels for obesity in childhood was chosen as the spline-smoothed age-speci®c observed 99.9 percentiles in the BMI-for-age distribution by months for the combined cohorts 1930 ± 1934. The two other de®nitions of obesity were set according to the 99.0 and 95.0 percentiles of this distribution. The BMI levels of these de®nitions are shown in Table 2 for the selected ages 7.0, 10.0 and 13.0 years. A boy was de®ned as obese in an age interval if his BMI measured at an examination was above the year Trends in obesity and body mass index BL Thomsen et al and month speci®c cut-off level at least once in the age interval concerned. The prevalence of obesity in each age interval was estimated as the number of boys observed as obese, divided by the total number of boys examined in the age interval. We estimated the median, standard deviation, skewness, and 5th 25th 75th and 95th percentiles of the BMI-for-age distribution for each annual birth cohort by the LMS method proposed by Cole and Green, 17 which allows the parameters to be estimated for all ages (in years and months). Details of the statistical methods are described in the Statistical appendix.
The estimated prevalence of obesity in 1-year age intervals, parameters and percentiles of the distribution of BMI at each exact age for each birth cohort were presented graphically by birth cohorts as well as by calendar years of measurements. This allows assessment of whether time trends in the estimates across the ages occurred synchronously by birth cohorts or by calendar years. However, it should be noted that the tracking of the longitudinal data at the individual level implies that¯uctuations over time in any of the estimates will tend to be more closely related to birth cohorts than to calendar years. In addition, the course of the curves corresponding to 7.0 years may be subject to some selection bias since measurements at ages below 7 y and 3 months were measurements taken between August and December on boys born in the second half of the year.
Results
The prevalence of obesity, de®ned by the 99.9 percentile, at the ages 7 ± 13 y showed almost synchronous changes by birth year ( The median BMI showed at all ages three phases of secular trendsÐan increase, decrease and a new increaseÐbut the magnitude of changes were for all ages less than 1.0 kgam 2 . By year of birth, there was an overall increase until a maximum was achieved around the birth cohort of 1944, followed by a slow decrease until the late 1950s. When looked at by calendar years, there was a distinct increase in 1948 at all ages. The last increase appeared to start at calendar year 1970 at all ages.
The approximate standard deviation of the BMI distributions also increased by age (Figure 2 , mid panels). The age-speci®c standard deviation increased by about 0.5 kgam 2 , but the pattern was somewhat different from that of the median and less clear and consistent across the age groups by birth years (left panel) or by calendar years (right panel). In the early period, the standard deviation was fairly stable. This period was followed by a sharp increase in most age groups that started by calendar year about 1948, which tended to level off around 1960 (right panel). A second increase in the standard deviation occurred in the late period starting in the birth years in the mid 1960s (left panel), and calendar years of early and mid 1970s (right panel).
The skewness of the BMI distributions was rightsided throughout and increased from ages 7 to 10 y, but it was at about the same level at older ages ( Figure  2 lower panels) . Though fairly unstable, the skewness showed an overall tendency to increase during the ®rst two decades, particularly in the older age groups: the increase in skewness seemed to start already during the birth years of the 1930s, then became steeper in the birth years of the 1940s, and tended to level off in birth years of the late 1950s (left panel) or calendar years around 1970 (right panel).
The secular changes in the 5th, 25th, 75th, and 95th percentiles of the BMI distribution are shown in Figure 3 by birth year and calendar year. The 5th, 25th and 75th percentiles showed the same pattern as the median. The 95th percentiles showed the same pattern in the early period, but no decline during the Trends Figure 1 ). Trends in obesity and body mass index BL Thomsen et al Trends in obesity and body mass index BL Thomsen et al Figure 3 The 95th (upper panels), 75th (2nd row panels), 25th (3rd row panels), and 5th (lower panels) percentiles of the BMI distributions for the ages 7.0 through 13.0 years as estimated by the LMS method (see Statistical appendix) for the birth years 1930 through 1975 (left panels) and calendar years of measurements 1937 through 1983 (right panels). The legends of the age-speci®c curves are the same as in Figure 2 .
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Discussion
The present study showed that the previously observed increase in prevalence of extreme overweight in Danish young men 8 ± 11 was preceded by similar increases at the ages 7 through 13 years in subjects born in the same years. The prevalence was low in the birth cohorts from the 1930s until the early 1940s when a steep increase began. The increase levelled off in the birth cohorts from the 1950s. A new increase started in the birth cohorts from the mid 1960s, which continued until the last investigated cohort born in 1975. Accordingly, the increases recorded by calendar years occurred earlier among the boys than among the young men; thus, the ®rst increase among the boys began in the late 1940s, whereas the increase among the young men began in calendar year 1961. 8 The changes in prevalence of extreme overweight were not always parallelled by synchronous changes in the central percentiles of the BMI distribution, neither among the draftees 7 ± 10 nor among the boys. Secular trend studies of weight, height, measures of weight for height, and prevalence of obesity in children of the same ages as in the present study have been conducted in other countries, for example Norway, Sweden, United Kingdom, United States of America, and Japan. Bruntland et al 18 reported average weight for height in school children in Oslo from 1920 through 1975 and found no overall increase, but a sharp decline and subsequent rebound during and after the second world war. Cernerud et al 19 reported minor secular changes in mean BMI among Stockholm school children in the birth years 1933, 1943, 1953 and 1963 . Peckham et al 4 compared the prevalence of obesity (relative weight b 120% of internal standards of weight for sex, age and height) at the ages 7 ± 16 y in the national birth cohorts from 1946 and 1958, and found an increase in the 7 years old children (from 2% to 4% for the boys). but much less increase in the older children. Gortmaker et al 2 analysed the triceps skinfold measurements in 6 ± 17 years old children in the four national surveys conducted in the United States between 1963 and 1980 and found pronounced increases up to almost doubling of the prevalence, particularly in the category of superobesity' de®ned as those exceeding the 95th percentile in the early surveys. In the same surveys supplemented with a later survey conducted 1988 to 1991, Troiano et al 5 analysed prevalence of overweight de®ned as 85th or 95th percentiles of the BMI distribution in the early surveys. They con®rmed the increases demonstrated by skinfold measurements and showed a continued increase in the latest period. Kotani et al 3 examined data from Japanese school children from the period 1974 to 1995 and found that the prevalence of obesity (de®ned as relative weight 120% or 140% of standard weight for height and sex derived from nation-wide surveys) had doubled since 1980. None of the studies have addressed the relationship between the secular changes in the BMI distribution and the prevalence of obesity or the association of the changes with either birth cohorts or calendar time. Only the Japanese study provided results for the same degree of obesity as the present study.
Some studies have suggested that the characteristics of the BMI distributions in different populations are such that there is a close correlation between the position of the central part of the distribution (measured by the mean values) and the prevalence of overweight. 20 This proved to be true also in our study with regard to the central percentiles, which changed in parallel with the median, but the standard deviation and skewness showed that there also were changes in the shape of the distribution. Our results demonstrate that changes over time in prevalence of obesity within the same geographically de®ned population cannot always be predicted from monitoring only the central part of the BMI distribution. Adequate and comprehensive description of the changes in the BMI distribution requires careful monitoring of the shape of the distribution including its very extreme tails.
The secular changes in the central part of the distribution of the BMI suggest that there are some environmental changes in¯uencing the entire population at the same calendar time period and independent of age. This was also observed in Norway during the Second World War. 18 In the present study, one example is the distinct increases in the entire main body of the BMI distribution, including an increase in the prevalence of obesity, de®ned by the 95.0 percentile, and in the standard deviation, across all ages in the years following calendar year 1948, which may correspond to the abolition of the rationing of food supplies, introduced during the war, possibly in combination with distribution of free lunch to the school children.
However, the fact that the prevalence of obesity, de®ned by the more extreme levels of BMI, showed changes that were not parallelled by similar changes in the more central part of the BMI distribution suggests that some of the causes responsible for the increase in prevalence of this type of obesity may be either speci®c environmental changes affecting only a subset of the population that then may become obese, or more general environmental changes leading to obesity only for a particularly susceptible subset of the population, either because of their genetic background or because of earlier environmental in¯uences promoting the susceptibility. 10, 21 The observed change in prevalence of extreme obesity by birth cohorts thus strongly suggests that at least one cause of this increase is affecting the children before they start school at the same age interval in each birth cohort. Such birth cohort effects are most likely to operate very early in life, where most members of each birth cohort are synchronous in Trends in obesity and body mass index BL Thomsen et al development and conditions. Thus, the age interval could be the prenatal or the early postnatal period of life where a particular susceptibility to later exposures may be programmed. 6, 22, 23 In the ®rst years of life, it seems as if the protein intake during infancy may be a critical factor in¯uencing later risk of obesity. 24 It is noteworthy that a service provided by public health nurses, visiting the mothers of the newborns and giving advice about child caring, including feeding, was established around 1940 in Copenhagen. The later exposures could be for example an increased total energy intake, a high relative fat content of the diet, or lengthy physical inactivity during daytime, 25 ± 30 although the causal roles of these factors are yet to be clari®ed. 6, 31 The increase in prevalence of obesity among the Danish young men was apparently preceded by a similar increase in fat intake, as assessed by repeated household surveys. 32 Other possibilities are changes in the social or psychosocial environment, especially in the family, which is strongly related to the risk of development of obesity during childhood and adolescence. 33 ± 37 Numerous longitudinal studies have demonstrated the continuity or tracking of body weight for height from early life through adulthood, 38,39 also at the degree of obesity investigated here. 40 It has been emphasized that the predictability of later obesity from earlier measurements of height and weight is low however, and lower the greater the age interval across which the prediction ranges. 38 It is likely that part of the tracking tendency is due to persistently expressed genetic factors. 41, 42 A distinction should be made between, on one hand, the relation between early environmental exposures and later effects, and, on the other hand, the relation between early and later effects of these exposures. The early exposures may create a susceptibility or predisposition that do not necessarily show up in early effects, and this may, furthermore, be modi®ed by genetic in¯uences manifest in parental obesity. 43 There are two important general conclusions to be drawn from the results of the present study. The ®rst is that monitoring of the epidemic of obesity by sampling strategies that describe only the central part of the distribution of BMI or other suitable measures of fatness with reasonable epidemiological and statistical strength is insuf®cient. The other conclusion is that the ongoing global epidemic of obesity may have developed through a complex series of changes in environmental in¯uences operating at different ages, possibly starting in the perinatal period, and affecting different subsets of the population. A better understanding of these changes may improve our possibilities of preventing the continuation of the epidemic in the future.
Statistical appendix
The method used for estimation of the BMI-for-age distribution 17 is based on the assumption that there are three parameters for each age, l, m and s, such that the BMI can be transformed into a standard normal deviate Z de®ned by Z ((BMIam) l -1)as for l 6 0, or Z log e (BMIam)as for l 0. The three parameters l, m and s are assumed to be smooth functions of age, and these functions are estimated using penalized likelihood. We made the estimations using a computer program kindly made available by T.J. Cole.
The three estimated curves, the L-curve (l), the Mcurve (m) and the S-curve (s), summarize the dependence of BMI on age, enabling the calculations of age-dependent approximations of the median, the standard deviation, the skewness of the distribution, and the percentiles of the BMI as follows. The two equations above may be reversed, writing BMI as a function of the standard normal deviate Z. We estimated the 5th, 25th, 75th, and 95th percentiles by inserting the corresponding percentiles of a standard normal distribution in the reversed equations. A second order Taylor expansion around Z 0 of the reversed equations gives a second degree polynomial in Z equal to M MSZ MSaZ 2 , where a S(1-L)a2. We estimated the median by M, the standard deviation by the coef®cient to Z (standard deviation MS), and the skewness of the distribution of the BMI by the skewness calculated from the second degree polynomial in the standard normal deviate Z (skewness (9a 15a 3 )a p (1 3a 2 )). It should be noted that the values estimated at the extreme ages are subject to edge effects.
The ®t of the BMI-for-age distributions based on the LMS method was examined by graphical comparison of the distribution of the Z-scores to a standard normal distribution for each age in years and months, all birth cohorts combined (not shown), and the ®t was found to be acceptable for the central part between the 5th and 95th percentiles. The extreme tails were further examined by counting the number of individuals with at least two observations outside a series of limits corresponding to probabilities of 1 : 100 or less, which demonstrated increasingly poor ®t in the tails, and the LMS method was therefore not used for estimation of the corresponding extreme percentiles.
